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The pyrolysis of chemical warfare agent simulants, diisopropyl methylphospho-
nate (DIMP) and tributyl phosphate (TBP), were studied in a constant volume
heated cell using infrared spectroscopy (9.35 µm to 10.55 µm) over a temperature
range of 50 ◦C to 550 ◦C. DIMP began decomposing at 130 ◦C and was undetectable
by 280 ◦C. The expected decomposition products observed were propene, 2-propanol
and methylphosphonic acid. One unexpected species, methanol, was observed, and
isopropyl methylphosphonate was not observed. Tributyl phosphate began decom-
posing as low as 130 ◦C and was undetectable by 270 ◦C. The pyrolysis of TBP had
three distinct temperature regions in which decomposition reactions occurred. The
products of TBP decomposition observed were cis-2-butene, methanol, and possi-
bly ethylene. An unidentified species with a P−O group was also observed at high
temperature. DIMP was further tested with a high power, pulsed filament heater
(T-jump) in an open atmosphere at heating rates of greater than 300× 103 ◦C s−1 to
simulate exposure to an explosive device. Time resolved mid-infrared spectroscopy
was performed simultaneously. The high heating rate creates a vapor explosion at the
filament surfaces, driving the majority of the liquid chemical warfare agent simulant
from suspension within the filament. As a result, a droplet field is created around
the filament wire with no detectable decomposition spectra. High-speed video of the
explosion and droplet field was taken at 50 kHz and heating rates on the order of
3× 106 ◦C s−1 with a liquid ejection velocity of approximately 20 m s−1. Raman scat-
tering spectra were taken of DIMP from 50 ◦C to 240 ◦C in the constant volume cell
xii
to characterize the major species composition. High temperature Raman scattering




Organophosphorus containing compounds have been in use for many decades as
agricultural pesticides, fire suppressant and in the chemical processing industry. Their
toxicity as pesticides is not restricted to just insects, but also mammals, leading to
their weaponization. Recent geopolitical conflicts and their accompanying use of
organophospohorus containing compounds as chemical warfare agents (CWAs) have
highlighted the need for new methods of destruction. Further understanding of ther-
mal decomposition of these CWAs can be achieved through study of less hazardous
chemical warfare agent simulants (CWAS) potentially allowing the development of
a tactical device that can ensure the destruction of facilities and stockpiles while
protecting the population of surrounding areas.
The Chemical Weapons Convention (CWC) in 1993 banned production and stor-
age of CWAs as well as their chemical precursors [3]. It was estimated in 1993, there
were 25× 106 kg of CWAs in the US Army stockpile [2]. Bulk destruction of CWAs
are primarily accomplished by incineration, but in the past chemical neutralization
has been used in large scale [2]. According to Organization for the Prohibition of
Chemical Weapons, 67.88× 106 kg of CWAs have been destroyed [4].
Incineration partially bypasses the need for detailed knowledge of the intermediate
chemical reactions and associated reaction pathways. Additionally, the entire process
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is tightly controlled and CWAs are exposed to high temperatures for durations much
longer than necessary to ensure complete destruction. Controlled ingress rate of
CWAs as well as sustained external energy sources make these conditions impossible
to duplicate by a tactical device. Therefore, a better understanding of the detailed
chemistry is required.
1.2 Research techniques
Common in high heating rate chemistry research are the use of shock tubes, which
provide well characterized, repeatable conditions for studying chemical reactions with
heating rates beyond 1× 106 ◦C s−1. Shock tubes are often used in conjunction with
optical diagnostic methods and can be used on time scales up to tens of milliseconds.
Open control volume or continuous flow reactors provide spatially steady-state
chemistry that allows reactions to be studied with a variety of methods both in- and
ex- situ [17]. Continuous reactors are typically difficult to design, require validation
and revision, but allow for sampling of many products as well as stable reaction
regions that can be probed by slower methods and instruments.
Temperature-jump (T-jump) type devices are devices in which a near-step change
in ambient conditions can be duplicated. The majority of T-jump type devices are
Joule-heated filament wire systems that can produce filament heating rates anywhere
on the range of steady-state temperatures to more than 10× 106 ◦C s−1. High heating
rate T-jump environments may also exhibit non-equilibrium phenomenon, with ther-
mal, conduction, diffusion and chemical boundary layers to name a few. Also present
at very high heating rates can be shocks, as well as coexisting solid, liquid, gas and
plasma phases. T-jump conditions can closely replicate explosive environments, most
importantly containing a conductive boundary layer between the high temperature
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region and the CWA or CWAS. As such, it is extremely difficult to determine the
temperature field and often times only the filament wire temperature is reported
[5, 18, 16]. In the case of liquid regions heated by T-jump, it may be impossible to
infer the filament temperature due to non-uniform temperature distributions within
the wire cross section and length.
For decomposition studies, closed, constant volume reactors are also common.
These types of reactors are usually used to make steady state in-situ measurements
while varying the environmental conditions, typically temperature and pressure. Al-
ternatively, a closed cell can be slowly heated to provide an equilibrium environment
that can be monitored.
1.3 Chemical warfare agents and simulants
The first of two CWAS studied was diisopropyl methylphosphonate (DIMP, Figure
1.1), a Sarin (GB, Figure 1.2) simulant. DIMP is an odorless clear liquid at standard
temperature and pressure (STP). DIMP is a byproduct of Sarin production and has no
known industrial uses. Sarin has a short life when exposed to the natural environment,











Figure 1.2: (RS)-Propan-2-yl methylphos-
phonofluoridat (Sarin, GB) [12]
The second CWAS studied was tributyl phosphate (TBP, Figure 1.3), a V-Series X
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(VX, Figure 1.4) simulant. Tributyl phosphate is widely used in the nuclear, chemical,
and petroleum industries for just a few examples. V-Series X is considered an anti-
access area denial (A2/AD) weapon due to its very low vapor pressure (Table 1.1)











Figure 1.4: Ethyl ({2-[bis(propan-2-
yl)amino]ethyl}sulfanyl)(methyl)phosphinate
(VX) [12]











DIMP C7H17O3P 0.976 180.184 215 0.334
TBP C12H27O4P 0.973 266.318 289 1.65× 10−4 to 6.68× 10−3
1.4 Literature review
The body of work studying the decomposition of CWAs and CWAS has tradition-
ally focused on controlled destruction of stockpiles. There are a handful of papers
addressing the pyrolysis and combustion of CWAS that are relevant to this disserta-
tion.
5
Zegers and Fisher [19] performed DIMP fast pyrolysis with a continuous flow re-
actor in a nitrogen environment. Chemical diagnostics were performed by Fourier
transform infrared spectroscopy (FTIR) and gas chromatography/mass selective de-
tector system (GS/MS). In their study, DIMP was injected into a pre-heated ni-
trogen stream in the range of 427 ◦C to 527 ◦C. The nitrogen carrier stream was a
high Reynolds number flow, 5300 to 7900, to ensure rapid mixing of the low concen-
tration DIMP stream. While heating rates are not reported in the study, they are
estimated from reactor geometry, temperature profiles [20, p.43,79-81] and residence
times from [19, p.236] to be on the order of 10× 103 ◦C s−1. The FTIR results in the
study only identified reactants, water vapor external to the FTIR beam path, and
the products propene and 2-propanol in the carrier gas flow. Condensed products
were also obtained and analyzed via GS/MS, resulting in identification of isopropyl
methylphosphonate (IMP) and methylphosphonic acid (MPA). It should be noted
that product sampling was quenched with a two stage process, injection of nitrogen
diluent immediately after exciting the reactor followed by a coil submersed in liquid
nitrogen. Reaction temperatures were well-bounded in this study. Lastly, phospho-
rous balances are reported at approximately 20 %, which is unsurprising as CWAS
form tars on reactor and tubing walls.
Yuan and Eilers [18] performed DIMP pyrolysis and combustion experiments
within an unheated, closed cell equipped with an electrical filament heater (T-jump).
The cell is mounted within an FTIR allowing in-situ infrared (IR) spectra to be ob-
tained. Filament wire heating was feedback-controlled at rates of 10 ◦C s−1, 1800 ◦C s−1
and 18× 103 ◦C s−1. Experimental temperatures in the range of 500 ◦C to 1200 ◦C
were the targeted final reaction temperatures. They noted that the cell walls were
unheated and suggested on short time scales it does not affect the measurements.
FTIR measurements were performed about 3 mm above the heated filament with no
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thermal boundary layer assessment. Free convection within the cell is not discussed,
but strong temperature gradients throughout the cell potentially allow products to
exist and be sampled at a range of temperatures other than the reported filament
temperature. Heating rates reported for the filament may have little meaning out-
side of the initial vaporization of CWAS. At the higher heating rates, the filament
wire was held at constant temperature following the temperature ramp, typically
1000 ◦C. Regardless of the heating rate of the filament wire, the gas heating rate is
dependent on filament temperature, and the convective flow field, which includes the
thermal boundary layer. Characterizing these effects and reporting the temperature
and heating rates throughout the flow field should be priority when proposing heating
rate-dependent reaction mechanisms.
As in other pyrolysis papers, Yuan and Eilers found propene, 2-propanol, IMP
and MPA [18]. The only intermediate species reported was 2-propanol. In the oxygen
environment, carbon monoxide, carbon dioxide and ethene were also detected.
1.4.1 Reference spectra
Neupane et al. [14] performed FTIR absorption measurements on a variety of
CWAS. In this study, a nitrogen purged vapor cell with heated germanium optics
(27 ◦C) was used to collect IR absorption data at STP. Infrared absorption cross sec-
tions were then calculated. Data for DIMP absorption cross sections are reproduced
from Neupane et al. [14] in Figure 1.5. The strongest absorption peak was reported
at 995.2 cm−1 and assigned to the P−O−C group, refer to Figure 1.1 for the complete
DIMP chemical structure, which contains two P−O−C groups.
7



























Figure 1.5: Infrared absorption cross sections for DIMP from 700 cm−1 to 1500 cm−1 at
22 ◦C and 101.3 kPa
Direct measurement of absorption spectra is not the only method to determine
reference spectra. Computational quantum chemistry also provides methods for cal-
culating vibration and rotational modes of a molecule. Mott and Rez [13] used a
computer code, Gaussian 03, to calculate absorption spectra for a number of CWA
and CWAS, including Sarin, DIMP and VX. However the code does not predict
spectral features with enough accuracy to use for a spectral reference, with P−O−C
group identified at 977 cm−1 and 1005 cm−1, as opposed to 995 cm−1 and 1020 cm−1
as commonly reported.
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CHAPTER 2. EXPERIMENTAL APPARATUS AND
DESIGN
In the following sections, each of the reactor designs and diagnostic methods
are outlined. The full experimental setup for each system required integration of
mechanical, hydraulic, thermal, electrical and electronic, instrumentation, software,
timing, and optical systems. Each of these systems will be discussed.
2.1 Chemical warfare agent simulants
Two CWAS were studied, diisopropyl methylphosphonate and tributyl phosphate.
DIMP was acquired from Acros Organics (449380250) at 90 % reported purity. Trib-
utyl phosphate was acquired from Sigma-Aldrich (00675) at >99 %GC reported pu-
rity. No chemical purification steps were performed on either CWAS.
2.2 Reactors
2.2.1 Quasi-steady state cell heating
A sealed stainless steel cell was fabricated for equilibrium chemical decomposition
and products measurement. The cell was built from a heavy-wall SS316L pipe tee with
three window mounts, two inline and one perpendicular, shown in Figure 2.1. Heating
was achieved through wrapping the cell with a 312 W high-temperature heat tape
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(McMaster-Carr 4550T123) and a 100 W nozzle heater (McMaster-Carr 3594K114)
installed on each of the three window mounts. Ceramic automotive exhaust wrap
tape was used to wrap the cell and provide reusable insulation, followed by two layers
of aluminum foil for an infrared and advective boundary. Sodium chloride windows
were chosen over AR-coated (anti-reflection) zinc selenide optics for their high infrared
transmission stability in infrared over the experimental temperature range. Non AR-
coated optics were used to prevent oxide formations at high temperatures which
reduce IR transmission significantly. Following each experiment, the cell windows
were replaced due to condensate on the interior surface. During an experiment, the
nozzle heaters were held approximately 30 ◦C greater than the cell gas temperature
to reduce condensation, controlled by the experimental operator through the use of
a 700 W TRIAC (bidirectional triode thyristor) light dimmer. The primary cell heat
tape was switch-controlled and remained on throughout an experiment.
Figure 2.1: Quasi-steady state cell installed in infrared absorption experiment. Shown with
all heaters and insulation installed
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Thermocouples were installed between each window heater and window mount to
assist with window heater control. An external thermocouple was mounted on the
center of the body and insulated from the heat tape by ceramic fiber insulation. Cell
gas temperature was measured with a fine tip 500 µm K-type thermocouple (Omega
TJFT72-K-SS-116G-6-SMPW-M) mounted as near to center of the cell interior vol-
ume as possible, without interfering with optical diagnostics. Thermocouples were
logged at 1.0 Hz at 24 bit depth via multichannel data acquisition system (National
Instruments NI-9213) operated in high precision mode.
Cell gas pressure was monitored through a gauge pressure sensor 0 kPa–101.42 kPa
(TE Connectivity Measurement Specialties US331-000005-015PG) mounted remotely
on the gas fill line. The pressure sensor was logged through a data acquisition system
(Labjack U6 Pro).
Two diagnostic methods were used with the quasi-steady state cell, Raman scatter-
ing (2.3.2) and mid-IR laser absorption (2.3.1). For mid-IR absorption experiments,
the cell was purged with nitrogen (N2) gas for a few minutes prior to injection of
CWAS. In the Raman experiments, the cell was purged with argon with the laser
enabled and spectrometer running until the N2 (N−−N) peak at 2332 cm−1 was no
longer visible on spectrometer display prior to injection of CWAS.
2.2.2 High-speed filament heating (T-jump)
In order to simulate heating rates relevant to CWA defeat explosions, a high-
power pulsed filament wire system was used. The filament wire was Joule-heated
through a power system described in subsection 2.2.3. Heating rates of greater than
1× 107 K s−1 can be achieved without melting the filament wire. Mechanical lifetimes
of the filament at these heating rates were found to vary significantly by filament ma-
terial, geometry, installation procedure, and the reactivity of the material under test.
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Several materials for the filament wire were tested, with tungsten wire chosen for
achieving the greatest number of pulses before failure. The tungsten filament wire
was braided in-house using 50.8 µm tungsten wire (McMaster-Carr 3775K36, Malin
Co.). The braid geometry consisted of 50 strands braided in three groups. Chemical
warfare simulants were injected by means of a 100 µL gas-tight syringe (Hamilton
80011) connected through a 1.0 m long, 250 µm inside diameter, stainless steel capil-
lary line directed at the underside of the filament braid, which can be seen later in
Figure 3.28. At room temperature, the filament wire was in contact with the capil-
lary tube at the center of the span. The capillary line was chosen due to its small
internal volume, approximately 390 nL cm−1, allowing the chemical warfare simulant
to be withdrawn more than 2 cm after injection of the desired volume into the wire
braid. The braided filament provides more surface area than a single wire of the
same electrical cross section, resulting in greater injection volumes and a more uni-
form heating environment between filament strands. Injection was controlled through
a programmable syringe pump (New Era Pump Systems Inc. NE-1000) with config-
uration performed through a desktop computer interface, and hardware triggering
performed by the data acquisition system. Injection volumes for the filament wire
were repeatable down to 150 nL per shot. This reactor configuration was used with
laser absorption measurements (Section 2.3.1).
High-speed video (Photron FASTCAM SA5) was also used for validation of shot
to shot injection variation. High-speed video was captured at 50 kHz and triggered
simultaneously with the pulsed power system. Post processing of the high-speed video
into a video array allowed for rapid validation of shot to shot injection.
For this experiment, high time resolution was desired, so the laser system was
parked at a fixed wavelength and the time trace of transmission was logged. To
produce a spectrum, this experiment must be repeated for each wavelength desired,
12
which required the experiment to be fully automated. The pulsed power system, laser
control, injection control and oscilloscope were all controlled via National Instruments
LabView. Low-speed events (charging, discharging, injections, parameter settings and
data transfers) were managed by the PC. For high speed control, the experiment was
handed off to a high-speed timing control system (Custom MicroChip 18F4580 based
system) for delay control and triggering of the high-speed imaging, oscilloscope and
pulsed power systems. Upon completion of a single shot, control is returned to the
PC interface where all data streams are downloaded and saved for later processing.
2.2.3 Pulsed capacitor bank
The pulsed power system was designed, tested and built in-house. The power sys-
tem can be used in a standalone mode with supplied control box or in this application
tied to a data acquisition system for PC control. Energy storage consists of a low-
and high-voltage capacitor bank, each capacitor bank has load resistors connected
through a controllable isolation solid state relay. Fail-safe discharge is accomplished
through a normally closed high-voltage relay and power resistor, which bypasses user
control upon power failure. The high-voltage control board is integrated into the
capacitor bank enclosure and provides high-voltage safety through optical isolation.
A high-voltage power supply (Ametek DCS600-1.7) provides the current source for
charging the capacitor bank. Due to the automation requirements of chemical war-
fare simulant experiments, capacitor bank charging, isolation and discharging were
interfaced with the PC data acquisition system, with a manual override of the high-
voltage charging provided by the high-voltage power supply front panel controls. The
power system has a design maximum of 500 V and 2860 A, with pulse-width con-
trol from approximately 10 µs to 500 ms with microsecond resolution. High-speed
triggering of current-switching was provided by an in-house designed control system
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with timing specifications programmed through a PC interface. Current monitor-
ing was performed through a 100 MHz isolated differential oscilloscope probe (Cal
Test CT3687), filament wire differential potential was logged through Tektronix 10x
attenuated passive probes. Logging was performed by a multidomain oscilloscope
(Tektronix DPO-2004B) and timed through a common triggering line.
2.3 Diagnostics
A number of optical diagnostic methods were used to characterize the decomposi-
tion of the CWAS. With each of the optical methods, one or more reactors were also
used. The following sections will detail each optical method.
2.3.1 Mid-IR absorption
A Mid-IR quantum cascade laser (QCL) (Pranalytica Monolux-96) was used to
perform laser absorption spectroscopy, for detection of CWAS decomposition. Optical
arrangements are shown for: quasi-steady state cell (Figure 2.2), and T-jump (Figure
2.3). Some of the main advantages to a laser source are increased signal-to-noise
ratio (SNR) due to a coherent source, high repetition rate, and the ability to fit
larger equipment in the beam path when compared to traditional Fourier transform
infrared spectroscopy equipment (FTIR). The QCL has a tuning range of 9.35 µm to
10.55 µm (947.9 cm−1 to 1069.5 cm−1) with a full width half max (FWHM) of 10 nm,
a repetition rate of 1.0 MHz and pulse width of 368 ns. Average power is dependent
on tuning wavelength and ranges from 30 mW to 110 mW. Figure 3.1 shows the
wavelength dependent power profile. The laser is mounted outside of the fume hood
area, shown in Figure 2.2, and directed into the fume hood where the beam is split into
a reference beam and a transmission beam. Each beam is monitored by a high-speed
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infrared detector (VIGO Systems S.A. PTCC-01-BAS PIP-DC-200M-F-M8) with a
classic analog peak detector based on the Texas Instruments LM6172IN 100 MHz
voltage feedback amplifier and data logged at 5.0 kHz at 16 bit depth. The gain and
offset for each IR detector are adjusted to maximize the dynamic range before being
logged by the acquisition system. The exact values of gain and offset values are
not critical for determination of absorption spectra as long as the amplifier remains
within its linear range. The acquisition system also records when the QCL system
reports it has reached a stable wavelength via a digital logic output from the laser.
Absorption spectra are determined as described in section 2.4. With the VIGO IR
detectors being in such close proximity to the high temperature cell, radiative heat
transfer resulted in the IR detector bodies heating. The IR detectors’ direct current
(DC) offset was found to vary with detector operating temperature, so forced air
ducts were installed to bring room temperature air to the detectors. Thermocouples
(K-type) were installed on the IR detector body and logged. With with forced air
cooling, detector temperature was not found to vary significantly. A shroud (not
pictured) was also installed between the IR detector and the cell to deflect the forced







Quasi steady state test cell 






High speed camera 
Figure 2.3: Mid-IR laser absorption with T-jump filament reactor
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2.3.2 Raman scattering
Raman scattering is an optical diagnostic technique making use of inelastic scat-
tering from molecules [9]. A key advantage of Raman scattering is simultaneous
broadband spectra from a fixed, narrow band, laser excitation. The primary spectral
features obtained from this technique are from vibrational and rotational modes. In-
elastic scattering signals are extremely weak, for example nitrogen, which is strong in
Raman scattering, is on the order of 4× 10−31 cm2 mol−1 sr−1 [11]. To provide an idea
of relative strength, the DIMP IR absorption cross section is reported as 275 m2 mol−1
[14], therefore detection of Raman scattering poses a few difficulties. To increase the
signal generated from this technique, a confocal multi-pass cavity is used (Figure
2.4). The green conical sections represent the distribution of the beam, not the beam
profile itself. Additionally the Raman scattering signal varies proportionally with the
laser intensity, so high average power is typically used. Spectra are collected through
a series of optics and a spectrometer.
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Quasi steady state test cell 
Figure 2.4: Raman scattering with quasi-steady state cell
In these experiments a continuous wave 532 nm laser (Coherent Verdi V5) was
used. Laser power output was reported by the calibrated internal measurement from
the laser system. The intensity of the beam used for diagnostics was limited by
the damage threshold of the optics used in the cell, which was not manufacturer
specified. The windows were tested to 2.5 W at room temperature with no damage
visible. Because the cell windows would be bulk heated to 550 ◦C laser power was
limited to 1.0 W as the bulk heating reduces the optical damage threshold. Because
the laser is coupled into a cavity, the power inside the cavity is much higher than
the laser source. Intra-cavity power was estimated using the optics manufacturer’s
transmissivity and reflectivity data to calculate losses inside the cavity with regards to
the number of passes the beam makes. For a case in which the beam makes 40 passes
through the CWAS cell, the intra-cavity power was estimated to be on the order of
(23± 5) W. The exact number of cavity passes changes each cavity realignment and
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cell installation, but was estimated to be 40 passes on average.
Raman scattering spectra were obtained by an Andor Shamrock 500i spectrom-
eter with Andor Newton 940 CCD camera. The spectrometer was equipped with
a 300 line mm−1 grating. The Newton CCD camera had a monochrome detector,
512x2048 pixels, recorded at 16 bit and depth operated with an analog gain of four
and at full resolution. Even with the high laser intensity and multi-pass cavity, the
signal observed from the chemical warfare agents were very weak, requiring an expo-
sure of six seconds.
The arrangement of the optical cavity used was a pair of concave silver mirrors,
two and three inches, respectively. Cavity stability limited the alignment to 30 to 50
passes in small part due to mechanical stiffness of mounting devices. The number
of passes through the cavity along with the cavity’s length resulted in a laser path
length of approximately 35 m. The CWAS cell was positioned inside an acrylic fume
hood with a high velocity draft fan. From the combination of forced advection and
the high temperature cell, strong mixing of low- and high-temperature air resulted
in thermal gradients throughout the optical path. The index of refraction for air
changes with temperature. The changes in index of refraction would normally have
been inconsequential, but due to the path length inside a cavity, proved to completely
destabilize the cavity alignment. Significant effort was required to shield the beam
through the use of baffles and beam tubes both inside and outside of the fume hood.
2.4 Post processing
The development and execution of the experiments generated over 250 GB of data
much of it requiring post-processing. Post-processing codes were developed for each
different diagnostic method, as well as data pre-processors for each instrumentation
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device. A general description of the data flow and post-processing follows.
2.4.1 Absorption spectra
Raw data was imported from multiple acquisitions systems at different sampling
rates which requires the different data streams to be synchronized. Calibration data
was taken before an experiment to provide both reference signals and DC offsets.
Data streams were broken into spectral data sets using pulse data from the QCL
system and experimental parameters. Absorptivity was then calculated using the
transmission and reference spectra along with calibration data and plotted against











Where Cλ is the calibration factor, determined from empty cell data, Aλ is the
absorptivity, Φt,λ and Φr,λ are the transmission and reference detector amplitude,
respectively.
2.4.2 Raman scattering spectra
The standard representation for Raman scattering spectra is the form Raman
shift. Post-processing therefore was primarily focused on wavelength corrections.
The first step was to correct the reported wavelengths from the spectrometer data
against a known source (Ocean Optics HG-1 mercury argon calibration source). A
dark spectra was acquired and subtracted from all experimental spectra to account













where ω is Raman shift, λ0 is the excitation wavelength and λ1 is observed wave
length. The resulting Raman shift if plotted for each exposure taken by the spec-




Wavelength calibration of the QCL system was accomplished by a combination
of manufacturer data along with a phase shift to match the center peak of the NIST
methanol spectrum [1]. The combination of methods produces a spectrum that
matches the rotational modes of methanol closely throughout the majority of the
spectrum (Figure 3.1). The ability to resolve the rotational features on the right side
of the plot is clearly coupled to the power spectrum of the laser and the high absorp-
tion of methanol in that region, resulting in the transmission signal approaching the
noise floor.
3.2 Quasi-steady state cell
In all tests with the quasi-steady state cell heating, the cell developed a leak near
300 ◦C due to the annealing of the aluminum retaining rings and thermal expansion of
the sodium chloride (NaCl) optics. As a result, the cell could no longer be considered
perfectly closed, and mass loss resulted. Correcting the leaks would have required a
complete redesign of the cell.
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Figure 3.1: Measured methanol calibration spectra (blue) with NIST reference data (red).
Green: QCL transmission power calibration spectra
3.2.1 Cell thermal response
It should be noted that because the cell was continuously heated, there were a
number behaviors that could be expected. In all cases, it should be noted that the
thermal response of the cell was near that of a first order system in time. First order
thermal systems have a logarithmic response in time which can be seen in Figure
3.2, in the subsequent section. When a first order system response was plotted on a
logarithmic X-axis the resulting plot will appear linear. As a result, features plotted
against temperature had the affect of using a logarithmic in time X-axis. Finally, the
thermocouple used for gas temperature measurement was not strongly influenced by
conduction from the cell wall; so, small changes in gas temperature from chemical
reactions were able to be captured.
Exothermic reactions will generate a rise in heating rate that can be observed
by the deviation of the heating rate curve from a linear fit. The same behavior
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applies to endothermic reactions, except the heating rate will be suppressed instead.
Pressurization rates will typically increase with similar behavior as heating rates, and
in cases where all decomposition products remain gaseous, the pressurization rate will
rise more strongly due to an increase in the total moles of gas.
3.2.2 Diisopropyl methylphosphonate
For the quasi-steady state heating experiments, 5.0 µL of DIMP was injected into
the cell. Figure 3.2 shows the temperature and pressure profiles in time. As noted
before, a leak developed at approximately 300 ◦C.




































Figure 3.2: Pressure and temperature profile
in time, quasi-steady state cell











































Figure 3.3: Pressurization and heating rate
in temperature, quasi-steady state cell
Figure 3.4 shows the complete temperature resolved spectra, which is further
discussed in the next few paragraphs.
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Figure 3.4: Absorption spectra in temperature, nitrogen atmosphere
Figure 3.5 shows increasing absorptivity of DIMP, P−O−C group at 992 cm−1,
with increasing temperature increasing in the direction of absorptivity. The DIMP
features beyond 4.5 arb. are not shown in order to keep the small features visible. The
center wavenumber reported was similar to other publications 992 cm−1 [18], 995 cm−1
[14]. The P−O−C group is anti-symmetric and is responsible for the secondary
features at 1016 cm−1 with Neupane et al. [14] reporting it at 1020 cm−1. In this
temperature region, no additional species were expected or observed.
The peak concentration of DIMP, as observed by spectra, occured at 125 ◦C, this
was also supported by the pressurization and heating rate curves both reaching the
start of the linearly decreasing regions of their respective profiles at 120 ◦C, refer back
to Figure 3.3. At 130 ◦C, an increase in pressurization and heating rates indicated an
exothermic decomposition reaction. By 210 ◦C, both pressurization and heating rates
had returned to the expected linearly decreasing fit line, with the latter returning at
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210 ◦C.
Occurring with the start of DIMP decomposition at 130 ◦C, propene (C3H6) was
observed with a spectral peak at 990 cm−1, Figure 3.6. The sensitivity to propene in
this experiment was low, with only the sharp peak at 990 cm−1 being observed, super-
imposed with DIMP (992 cm−1), with the propene peak at 1046 cm−1 not observable.
The second indication of the presence of propene was the sloped baseline of the spec-
tra in Figure 3.6, as opposed to the horizontal baseline observed in Figure 3.5. To be
certain of this result, another experiment would need to be performed with high ini-
tial DIMP concentrations. A propene sample to determine high resolution reference
spectra would assist in detection.
It is suspected that propene was not a stable product of DIMP decomposition,
as the propene spectra did not increase in amplitude, and decayed with remaining
DIMP decomposition. From Figure 3.6, one may be willing to conclude the propene
concentration was highest near the highest absorptivity of DIMP, but the elongation
of the peak at high absorptivity was an artifact of non-linear response near the noise
floor of the detectors and instrumentation system.
Also noted, DIMP decomposition started at 130 ◦C, far below its boiling point of
215 ◦C, however it didn’t fully decompose until 280 ◦C.
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Figure 3.5: Absorption spectra of DIMP in-
creasing, from 50 ◦C to 90 ◦C. Temperature
is increasing in the direction of increasing ab-
sorptivity



















Figure 3.6: Absorption spectra of DIMP de-
creasing, from 185 ◦C to 280 ◦C, with propene
peak at 990 cm−1. Temperature is decreasing
in the direction of increasing absorptivity
At 280 ◦C, a small increase in pressurization rate was observed, indicating the
start of another decomposition reaction. Figure 3.7 shows the spectral features after
the rapid rise of 2-propanol (957 cm−1) from approximately 280 ◦C to 310 ◦C. From
310 ◦C, the 2-propanol concentration decreased to a minimum at 360 ◦C.
Also observed in this temperature range was the q-branch of methanol at 1033 cm−1.
The presence of methanol had not been previously reported in literature. Methanol
has very strong absorption strength, so the concentration of methanol was just trace
amounts. A thin layer of contaminates formed on the cell walls from each test that
could not completely cleaned. These contaminates could absorb methanol during
the calibration test, which was run at the start of each day of testing. The rise in
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methanol concentration coincided with the drop in 2-propanol concentration, with
methanol being undetectable by 400 ◦C. The decay of methanol, being thermally sta-
ble upwards of 550 ◦C, suggested that it was participating in the overall chemistry,
and was not a contaminate.
A pressurization rate increase beginning at 440 ◦C marked the emergence of MPA
spectra, as shown in Figure 3.8. Methylphosphonic acid concentration peaked at
540 ◦C and began to decay, reaching 85 % of the maximum by 556 ◦C. The pressur-
ization rate curve reached a local maximum at 530 ◦C, 10 ◦C before the maximum
concentration of MPA. The spectral features of MPA were observed at 952 cm−1 and
1019 cm−1, shifting 4 cm−1 higher from 440 ◦C to 540 ◦C. Trace amounts of MPA were
observed as low as 410 ◦C and only at 1019 cm−1.





















Figure 3.7: Absorption spectra, unknown
species from 295 ◦C to 360 ◦C






















Figure 3.8: Absorption spectra of MPA from
440 ◦C to 540 ◦C. Temperature is increasing
in the direction of increasing absorptivity
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Figure 3.9 highlights the relationship between pressurization, heating rates and
spectral features. From 360 ◦C to 440 ◦C, there was an increase followed by a decrease
in pressurization rate that was not accompanied by any spectral features. The lack of
spectral changes was either due to one or both of the following, trace concentrations
such as a production rate limited intermediate species, or spectral features outside
the domain of the QCL system.









































Figure 3.9: Top, pressurization and heating rates in temperature. Bottom: Absorptivity
of selected species, DIMP 50 ◦C to 300 ◦C 995 cm−1, propene 185 ◦C to 280 ◦C 990 cm−1,
2-propanol 250 ◦C to 375 ◦C 955 cm−1, methanol 280 ◦C to 400 ◦C 1033 cm−1, MPA 440 ◦C
to 550 ◦C 955 cm−1 and 1022 cm−1
Figure 3.10 is a contour plot of the same data as Figure 3.4. Contour levels were
selected to highlight key spectral changes. The contour provides a better view of
how some spectral features were related to each other and helped highlight weaker
features that were difficult to identify from the 2-D spectral plots.
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Figure 3.10: Absorptivity contours, levels indicated by color bar labels
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3.2.3 Tributyl phosphate
Tributyl phosphate 5 µL was heated in the quasi-steady state cell. Figure 3.11
shows the temperature profile, as well as the resulting cell pressure. Again, the
cell developed a leak near 300 ◦C. From Figure 3.12 there were several important
temperatures ranges, indicated by changes in pressurization rate or in heating rate.
Each of these features delineated the three thermal regions in Figure 3.13. As before,
the rapid rise in pressurization rate from 0 Pa s−1 was due to vaporization of TBP.



































Figure 3.11: Pressure and temperature pro-
file in time, quasi-steady state cell










































Figure 3.12: Pressurization and heating rate
in temperature, quasi-steady state cell
Looking at Figure 3.13, the three regions of spectral activity were from 50 ◦C to
270 ◦C, 270 ◦C to 410 ◦C and 410 ◦C to 550 ◦C. Each region will be discussed in the
following paragraphs.
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Figure 3.13: Absorption spectra in temperature, nitrogen atmosphere
Starting at 80 ◦C and shown in Figure 3.14, the basic TBP spectra emerged with
P−O−C group features at 1033 cm−1 and 1060 cm−1 [8, p.599]. Tributyl phosphate
decomposition began at 140 ◦C, as shown by the increased heating rate in Figure 3.12.
From the increased heating rate and lack of corresponding increase in pressurization
rate, the molar density was not changing, therefore the products were condensed. In
an unpublished experiment with a nitrogen carrier gas and TBP, tars were visibly
identified and formed below a steady state temperature of 150 ◦C. The maximum
absorption feature was observed at 165 ◦C, indicating the maximum concentration
of TBP vapor; but because decomposition had already began, the temperature in
which maximum concentration was observed could be time dependent. As reported
by Bruneau et al. [6], TBP was observed to decompose far below its boiling point.
In Figure 3.14, both P−O−C features (1033 cm−1 and 1060 cm−1) increased pro-
portionally to each other, however their decay did not. By 265 ◦C, the TBP spectra
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was barely discernible, Figure 3.15, and the increased heating rate that had began at
140 ◦C had decayed back to the linear fit. Also observed at 165 ◦C was a small rise
in pressurization rate, that dropped back to the linear fit by 275 ◦C, and then rose
again.





















Figure 3.14: Absorption spectra of TBP
(1033 cm−1 and 1060 cm−1) increasing, from
80 ◦C to 165 ◦C. Temperature is increasing in
the direction of increasing absorptivity





















Figure 3.15: Absorption spectra of TBP
(1033 cm−1 and 1060 cm−1) decreasing, from
170 ◦C to 270 ◦C. Temperature is decreasing
in the direction of increasing absorptivity
The rapid rise in pressurization rate at 275 ◦C was accompanied by an increase
in heating rate at 285 ◦C, preceding the appearance of cis-2-butene at 975 cm−1 and
1042 cm−1 and possibly ethylene, Figure 3.16. At 305 ◦C, methanol features were
visible from 990 cm−1 to 1033 cm−1. Methanol production was not observed in the
literature, and the possibility of contamination was low, as no methanol had been in-
troduced to cell the between the previous experiment and TBP testing. The methanol
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trace was short lived, so it was likely participating in the overall chemistry. Methanol
by itself is stable well beyond the 550 ◦C maximum temperature in these experiments.
The region between 315 ◦C to 410 ◦C is not shown in detail, with the only events
being the decay of methanol spectra, with the q-branch peak not resolvable by 400 ◦C.
This region can be viewed in Figure 3.13. There was a small rise in pressurization
rate at 350 ◦C that decayed back to the linear fit by 400 ◦C, this could have been
related to the decay of the methanol spectra, but there was no direct evidence.
From 410 ◦C to 450 ◦C there was a sharp rise in pressurization rate at 400 ◦C along
with the appearance of a unidentified species at approximately 1020 cm−1, a P−O
bond group. Continuing to 450 ◦C the pressurization rate decreased and reached a
local minimum. The amplitude of the unidentified P−O group at 1020 cm−1 decreased
while the cis-2-butene ( 975 cm−1 and 1042 cm−1) appeared unchanged.
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Figure 3.16: Absorption spectra, methanol
(1033 cm−1), cis-2-butene (975 cm−1 and
1042 cm−1) and potentially ethylene from
305 ◦C to 315 ◦C



















Figure 3.17: Absorption spectra, cis-2-
butene (975 cm−1 and 1042 cm−1) and a
P−O group (1020 cm−1) from 410 ◦C to
450 ◦C
At 450 ◦C, the pressurization rate began to rise again with a series of exothermic
peaks to 490 ◦C, Figure 3.18. The cis-2-butene spectra decreased in amplitude as well
as the P−O group at 1020 cm−1, Figure 3.19. The pressurization rate continued to
increase to the end of the experiment with no new spectral features appearing. At
546 ◦C, an exothermic reaction took place with only a small corresponding increase in
pressurization rate. The experiment ended at 550 ◦C, with no determination of any
new species.
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Figure 3.18: Pressurization and heating rate
profile detail from 450 ◦C to 550 ◦C



















Figure 3.19: Absorption spectra, cis-2-
butene (975 cm−1 and 1042 cm−1) and a
P−O group (1020 cm−1) from 455 ◦C to
535 ◦C
Figure 3.20 tracks the absorptivity of center wave number for TBP (1033 cm−1),
cis-2-butene (975 cm−1 and 1042 cm−1), methanol (1033 cm−1), and the unidentified
P−O group (1020 cm−1), in relation to pressurization and heating rates. The figure
further highlighted the relationship between pressurization and heating rate curves
and the spectral features observed.
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Figure 3.20: Top, pressurization and heating rates in temperature. Bottom, absorptivity at
selected wavenumbers in temperature
As done in the previous section, Figure 3.21 is a contour plot of the same data
as Figure 3.13. Contour levels were again selected to highlight key spectral changes.
The contour provided a better view of how some spectral features related to each
other and helped highlight weaker features that were difficult to identify from the
2-D spectral plots.
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Figure 3.21: Absorptivity contour plot, levels indicated by color bar labels
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3.2.4 Summary of species
The resulting species detected in both the DIMP and TBP tests are shown in
Figure 3.22. The only common species to both tests was methanol, appearing at
nearly identical temperature ranges in both cases.


















Figure 3.22: Quasi-steady state cell, identified species and detection temperatures ranges.
Arrows indicate increasing or decreasing absorptivity amplitude
3.3 T-jump pulsed filament
The T-jump pulsed filament experiment proved to be quite difficult for a number
of reasons. The primary difficulty in performing a repeatable experiment was with
degradation of the filament wire. The T-jump system was capable of extremely high
power output, which can produce non-linear heating at the electrodes as well as
violent thermo- and electro- mechanical motion. Tungsten wire was used due to its
ability to survive higher number of pulses than other filament wires such as Nickel-
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Chromium or Stainless Steel. Although the majority of experiments used the filament
wire described in the experimental section, the only full spectra obtained used a larger
160 strand filament. The 50 strand filament’s higher resistance resulted in a much
more linear response from the power system. Degradation and failure of the 50 strand
filament wire was a direct result of attempting to reach higher final temperatures than
were attempted with the 160 strand filament wire.
3.3.1 T-jump electrical performance
Early T-jump experiments were performed at 50 V capacitor bank voltage with
a 1 ms pulse width. The following discussion is based on data obtained with the
larger 160 strand filament. This large wire produced extremely high pulse currents
resulting in non-ideal response from the capacitor bank. Figure 3.23 shows the mean
potential profile and standard deviation for the only filament wire that survived 121
shots. Shown in Figure 3.23, the maximum potential measured across the filament
wire was 25 V, only achieved at the end of the pulse. This demonstrated the 160
strand wire’s impedance was too low until it reached high temperature to achieve high
power output from the capacitor bank. Maximum power output from the capacitor
bank occurs when the load impedance closely matches the capacitor bank, electrical
controls, and transmission line impedance. This specific system however can reach
heating rates of greater than 10× 106 ◦C s−1 with filament wires more than double the
output impedance. Figure 3.24 shows the effect of having a filament wire that is of
too low impedance on the capacitor bank’s waveforms, the sharp increase of current
amplitude in the first few microseconds, following by a slower increase in current. In
both of the figures, the standard deviation at each point in time of the 121 shots was
shown to be extremely low demonstrating very low shot to shot variation.
40






































Figure 3.23: T-jump mean potential profile
and standard deviation








































Figure 3.24: T-jump mean current profile
and standard deviation
Mean power delivery to the filament wire is shown in Figure 3.25 with greater
than 20 kW delivery for the majority of the pulse.
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Figure 3.25: T-jump mean power input to
the filament wire in time and standard devi-
ation of power
Energy from the pulse was computed through numerical integration of the po-
tential and current data. Figure 3.26 shows the mean energy profile for 121 shots.
The normalized standard deviation used here is the standard deviation of the energy
profile for all 121 shots, normalized by the integral energy at each time step. In Fig-
ure 3.27, the energy deposition for 121 shots is shown against the wavenumber that
the shot was taken at, with the first shot taken at 1070 cm−1 and final shot taken at
948 cm−1.
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Figure 3.26: T-jump mean deposited energy
and standard deviation of energy, normalized
by energy at each time step














Figure 3.27: T-jump deposited energy vs
Wavenumber, test series number decreasing
from left to right
3.3.2 Diisopropyl methylphosphonate
The primary difficulty with the T-jump experiment is the nature of the event that
is being duplicated. The CWAS injected into the filament wire were in a liquid state
at room temperature and therefore must go through a phase change before they can
reach reactive temperatures. Rapid heating from the T-jump was meant to simulate
the conditions in an explosive environment, which was believed to only disperse and
vaporize CWAs. Figure 3.28 is a time series of high speed video taken with 170 nL
DIMP injected on the smaller 50 strand tungsten filament which shows exactly this
situation. The test in Figure 3.28 used a heating rate on the order of 3× 106 ◦C s−1,
significantly higher than the heating rate shown with the spectral results in Figure
43
3.30. At 100 µs, the wire temperature had reached or exceeded the boiling point,
creating a vapor explosion and driving the liquid out of the filament at high velocity.
The liquid is no longer in thermal proximity to the heated wire before the end of the
heating pulse, which in this test case was 150 µs. Estimating the liquid velocity from
120 µs to 180 µs was found to be on the order of 20 m s−1.
Figure 3.28: DIMP Pulsed filament wire test, 170 nL. Images generated at 50 kHz
Shot to shot repeatability of the injection system is demonstrated in Figure 3.29
and is qualitative. The ejection pattern, however consistent it may be, was of an
unknown distribution over the laser path making an analytical absorption measure-
ment not possible. Raising the final temperature of the filament wire with the goal
of heating the CWAS to a higher temperature, before it was beyond the thermal
boundary layer, resulted in damage to the capillary tubing and reduced filament life-
time. The higher final temperatures resulted in micro-welding between the filament
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wire and stainless steel, eventually blocking the capillary tube. With higher final
temperatures, injection volumes were not repeatable due to aggregate damage.
Figure 3.29: DIMP Pulsed filament wire test, 250 nL. Image shows 260 µs frame from 30
sequential tests.
The data set in Figure 3.30 was the only spectra successfully taken over the full
spectral range of the QCL. DIMP was injected into the 160 strand tungsten filament
wire at 1.0 µL per shot. The primary reason for success in this case was the lower
final temperature, resulting in less mechanical damage when impacting the capillary
tubing.
Temperature profiles from the potential and current data were unable to be corre-
lated with itself in two processing methods, likely due to conductive heat transfer from
the filament wire to CWAS and including vaporization energy. The first method used
to calculate the temperature profile was determining the ideal resistance for the given
wire geometry and producing a look up table. The resistance of the real filament wire
was then calculated from the current and potential traces, then with look up table
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temperature was determined. The second method used to infer the filament temper-
ature was using the current and potential curves to calculate the energy deposited in
the wire through Joule heating. Specific heat data for tungsten was placed in a look
up table, and the temperature was integrated implicitly assuming no thermal losses.
Clearly the second method will produce large errors if heat transfer was significant,
which in the case of liquid CWAS was believed to be true. The first method should
produce reliable temperature data as long as the full length of the wire was of similar
temperature, at high heating rates this is generally true. However, in the case of high
conductive heat transfer it is likely the surface of the wire was at much lower temper-
ature than the core. Knowing the approximate temperature distribution throughout
the cross section of the filament wires would be required to get an accurate estimate
of filament temperature.
An estimate of the final temperature of the filament was in the range of 400 ◦C
to 750 ◦C. Given the T-jump pulse width of 1 ms, a heating rate in the range of
379× 103 ◦C s−1 to 729× 103 ◦C s−1 was achieved. The waterfall spectrum in Figure
3.30 was the time resolved DIMP spectra showing the general profile of DIMP with
no other spectral features present. From these observations together, unconfined T-
jump heating does not appear to result in decomposition of a large fraction of the
CWAS injected into the filament wire. From the data in Figure 3.30, the maximum
amplitude of the DIMP spectrum was not achieved until 500 µs after the electrical
pulse ends, suggesting that any remaining heat transfer was only increasing the vapor
present. Variations in the spectrum from adjacent wavenumbers are a good example






















Figure 3.30: T-jump DIMP log time resolved spectra, back plane showing scaled DIMP
spectra from quasi-stead state cell
3.4 Quasi-steady state cell - Raman scattering
Raman spectra were obtained with 5.0 µL DIMP from 20 ◦C to 240 ◦C. Obtaining
clear Raman spectra at high temperature was not possible due to strong scattering
from smoke, as well as temperature dependence in the background spectra. Starting
at 150 ◦C, visible smoke began to form in the cell. The smoke formation resulted
in strong scattering of the 532 nm laser, effectively blinding the spectrometer. A
band stop filter with an optical density of six and center wavelength of 532 nm was
used to filter spectrometer input light. Even with the filter, the laser strength at
532 nm saturated the spectrometer camera. The spectrometer grating was shifted to
move the 532 nm light off the detector which allowed the temperature to be raised
to 240 ◦C, but by that temperature, the second and third order reflections from the
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grating saturated the detector. The scattering effects can be seen in Figure 3.31 at
approximately 500 cm−1 and 2500 cm−1 by the broad high amplitude peaks.
The DIMP spectra shown in Figure 3.31 have had a windowed (225.0 cm−1) mini-
mum high pass filter applied to them to bring the baseline back to zero. Each spectra
was individually normalized after the high pass filter, therefore concentration could
not be inferred from relative peak amplitudes. Many of the spectral peaks have been
annotated in the figure, a complete list of peaks is available in Table 3.1. Peak identi-
fication in the 210 ◦C and 240 ◦C spectra was difficult due to the strong laser scattering
and resulting light pollution within the spectrometer, therefore not all peaks identified
may be real.


























Figure 3.31: Normalized Raman spectra of DIMP, 115 ◦C, 210 ◦C and 240 ◦C.
Narrow peaks at 1555 cm−1 and 2331 cm−1 were from the diatomics O2 and N2
while the peak at 3657 cm−1 was the O−H bond of H2O. The Raman cross section
of N−−N was very strong so only trace amounts needed to be present to detect it,
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however the presence of N2 indicates that the cell was able to leak bi-directionally
even though it is under slight pressure. As mentioned in Section 2.2.1, the cell was
purged with argon until the N−−N peak was no longer detectable. After injecting
CWAS into the cell, trace amounts of N2 and O2 were present, but both continued to
increase as the experiment was performed.
Background spectra were taken in the cell before each experiment with room air,
compressed air, and standard purity Ar. The room air background spectra contained
water vapor (3657 cm−1), but the compressed air did not contain enough water vapor
to be detected. Presence of the 3657 cm−1 peak of O−H in the DIMP spectra indicates
the samples are contaminated with water.
Due to the aforementioned difficulties, the Raman spectra of DIMP are included
only due the limited availability of high resolution spectra in literature. High tem-
perature spectra are provided, but any conclusions drawn from the spectra must be
carefully considered.
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Table 3.1: Peak locations in Ramanshift (cm−1). Presence at a given temperature is marked
by ‘X’
















1555 O−O O2 X X
1711 X
2077 X
2331 N−−N N2 X X X
2749 X X
2889 C−H DIMP X X X
2941 C−H DIMP X X X
2989 C−H DIMP X X X
3657 O−H H2O X X X
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CHAPTER 4. SUMMARY AND CONCLUSIONS
Temperature dependent equilibrium species were partially determined over 50 ◦C
to 550 ◦C for DIMP and TBP, with the quasi-steady state cell. Changes in spectra
were always preceded by a change in pressurization or heating rates approximately of
10 ◦C. The majority of the reactions were exothermic.
Literature for pyrolysis of DIMP suggested propene, 2-propanol, IMP and MPA
should have been the only products detected. Detection of propene, 2-propanol,
and MPA occurred, with no detection of IMP. An additional product was detected,
methanol, with no previous reporting in literature. Due to methanol spectra being
taken in the cell prior to DIMP spectra, the risk of contamination was present, how-
ever, the cell was purged with nitrogen at a temperature over 225 ◦C and continuously
for the hours-long cool down cycle. Being that the methanol concentration decreased
during the experiment, it was believed to take part in secondary reaction.
DIMP began to decompose at 130 ◦C, far below its boiling point, and was fully
decomposed by 280 ◦C. A breakdown of product species is shown in Figure 3.22. Py-
rolysis of DIMP was observed at much lower temperatures than previously published,
which was expected under such low heating rates.
Tributyl phosphate had three distinct temperature thresholds in which changes
in pressurization and heating rates occurred along with spectral changes. Predicted
products of TBP pyrolysis were not well documented in literature, but the list in-
cluded, butenes, propene, butane, methane, ethylene, ethane, and acetylene. In the
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quasi-steady state cell experiments, cis-2-butene, methanol, and possibly ethylene
were observed. Another species with an P−O group was present but not identified.
Again, methanol was observed and was not expected. In the case of TBP, methanol
was not believed to be a contaminate. Methanol calibration spectra had been acquired
earlier in the day and was not performed prior the TBP test, ruling out contamina-
tion. At the end of the experiment (550 ◦C), an exothermic reaction took place, but
no spectral changes were captured due to termination of the experiment.
Tributyl phosphate began decomposing at 140 ◦C, again lower than reported in
literature. The maximum concentration of TBP was found at 165 ◦C and had com-
pletely decomposed by 270 ◦C, still below its boiling point.
Identification of the chars and tars was not performed, but from the pressuriza-
tion and heating rate profiles, were formed in the first step of decomposition, at
140 ◦C. Additional tars and chars may have formed from other reactions at higher
temperatures, but the formation at such low temperatures is notable.
T-jump testing at heating rates greater than 379× 103 ◦C s−1 were performed in
an open atmosphere with 1.0 µL injections of DIMP. At these heating rates, only
one time resolved absorption spectra was captured over the full spectral range of the
QCL system. There was no indication of decomposition of the CWAS in the spectra
obtained.
High-speed video was taken at 50 kHz with heating rates on the order of 3× 106 ◦C s−1
and heating pulse width of 150 µs. Liquid DIMP 150 nL or 170 nL was injected to the
filament wire. During the rapid heating, DIMP liquid was ejected from the filament
wire at a velocity on the order of 20 m s−1. The velocity of the ejected CWAS resulted
in a short residence times in both the optical path and in thermal proximity to the
heated filament. It was unsurprising that decomposition is not observed.
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4.1 Final thoughts
While the quasi-steady state cell produced results that provide more insight into
the pyrolysis of CWAS, not enough testing was done. To improve the quality of
the study, the tests should have been repeated with varying initial concentrations
of CWAS in order to more fully resolve trace species. Improvements to cell sealing
would be the number one priority in repeating any of these tests. Regardless, the
observation of methanol in the decomposition of DIMP and TBP was notable. Lastly,
the inclusion of a high sensitivity pressure transducer and fine tip thermocouples
provided new insights into the chemistry.
The T-Jump methods attempted clearly demonstrate the difficulty of developing a
tactical device relying on explosives only as a method for destruction of CWAs. How-
ever, a redesigned electrodes, filament mounting system, and increased IR absorption
sensitivity could improve this method enough for further study. Additionally, re-
ducing the complexity of the product field through the use of simple geometry and
slightly more confined environments could further improve the results.
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